Aims
Tenascin-C (TN-C) is an extracellular matrix protein undetected in the normal adult heart, but expressed in several heart diseases associated with inflammation. We previously reported that serum TN-C levels of myocardial infarction (MI) patients were elevated during the acute stage, and that patients with high peak TN-C levels were at high risk of left ventricular (LV) remodelling and poor outcome, suggesting that TN-C could play a significant role in the progression of ventricular remodelling. However, the detailed molecular mechanisms associated with this process remain unknown. We aimed to elucidate the role and underlying mechanisms associated with TN-C in adverse remodelling after MI.
Methods and results
MI was induced by permanent ligation of the coronary artery of TN-C knockout (TN-C-KO) and wild type (WT) mice. In WT mice, TN-C was expressed at the borders between intact and necrotic areas, with a peak at 3 days post-MI and observed in the immediate vicinity of infiltrating macrophages. TN-C-KO mice were protected from ventricular adverse remodelling as evidenced by a higher LV ejection fraction as compared with WT mice (19.0 ± 6.3% vs. 10 .6 ± 4.4%; P < 0.001) at 3 months post-MI. During the acute phase, flow-cytometric analyses showed a decrease in F4/80 þ CD206 low CD45 þ M1 macrophages and an increase in F4/80 þ CD206 high CD45 þ M2 macrophages in the TN-C-KO heart. To clarify the role of TN-C on macrophage polarization, we examined the direct effect of TN-C on bone marrow-derived macrophages in culture, observing that TN-C promoted macrophage shifting into an M1 phenotype via Toll-like receptor 4 (TLR4). Under M2-skewing conditions, TN-C suppressed the expression of interferon regulatory factor 4, a key transcription factor that controls M2-macrophage polarization, via TLR4, thereby inhibiting M2 polarization.
Introduction
Left ventricular (LV) remodelling following myocardial infarction (MI) is a major predictor of morbidity and mortality for heart failure and life-threatening arrhythmias. 1 Post-MI LV remodelling occurs in an appreciable proportion of patients successfully treated with primary percutaneous coronary intervention, despite sustained patency of the infarct-related artery and optimal medical therapy. 2 This phenomenon was initially explained by increases in LV-wall stress after a large MI, with infarct size often an important determinant of adverse remodelling.
However, a large infarct is neither necessary nor sufficient for progressive adverse LV remodelling, 3 suggesting involvement of other factors during post-infarction tissue repair. Recently, post-infarction inflammation, particularly macrophage activation and polarization, has attracted considerable attention in relation to the progression of ventricular remodelling. 4 Myocardial tissue remodelling after infarction involves finely orchestrated, complex, multistep cellular responses, including inflammation, immune response, and synthesis and degradation of extracellular matrix (ECM). ECM not only covers the dropout of cardiomyocytes but also provides a scaffold for cells and regulates their various activities during tissue repair. Tenascin-C (TN-C) is an ECM protein exhibiting highly upregulated expression in the myocardium during the acute post-infarction stage (reviewed in Ref. 5 ) and is specifically expressed during embryonic development, inflammation, wound healing, and cancer invasion in various tissues, thereby exhibiting a wide range of effects on cell responses (reviewed in Refs [6] [7] [8] ). In the heart, TN-C is sparsely detected in healthy adults, but is transiently expressed at restricted sites in close association with tissue injury and active inflammation in various diseases, such as MI, myocarditis, and dilated cardiomyopathy (reviewed in Ref. 5 ). Our group previously reported that after MI, TN-C is expressed at the border zone between infarcted and intact myocardium during the acute stage, and that serum TN-C levels of patients were elevated within 24 h after MI onset, peaking at Day 5 and reflecting local expression. [9] [10] [11] Interestingly, peak TN-C levels could represent a biomarker enabling prediction of adverse LV remodelling and poor long-term outcome, indicating that TN-C could play a significant role in ventricular remodelling after MI. 9, 11, 12 However, the detailed molecular mechanisms have not been fully elucidated.
In this study, we clarified the role of TN-C in the progression of LV remodelling after MI by focusing on the impact of TN-C on inflammation. We compared the extent of LV remodelling 3 months after coronary ligation in TN-C knockout (KO) and wild type (WT) mice and analysed infiltrating inflammatory cells and the expression of inflammation-related genes during the acute inflammatory phase when TN-C is highly expressed. Moreover, we examined the direct effects of TN-C on bone marrow-derived macrophages (BMMs) in vitro and identified a receptor for TN-C involved in modulating M1/M2 polarization. Our findings suggest that TN-C accelerates adverse ventricular remodelling after MI by promoting M1 polarization and inhibiting M2 polarization through Tolllike receptor 4 (TLR4).
Methods

Mice
TN-C-KO C57BL/6 mice [13] [14] [15] were provided by RIKEN BRC (Saitama, Japan) through the National Bio-Resource Project of the MEXT, Japan.
We performed experiments using the littermates of TN-C þ/þ (WT)
and TN-C -/-(TN-C-KO) mice by mating heterozygous (TN-C þ/-) pairs. Male mice (9-12 weeks of age) were used in the experiments. All animal experiments were approved by the Institutional Animal Experiment Committee of the University of Tsukuba and conform to the NIH Guide for the Care and Use of Laboratory Animals.
Induction of MI
Mice were subjected to a permanent ligation of the left anterior descending coronary artery or to a sham operation without ligation as described previously. 16 The details are provided in the Supplementary material online.
Survival analysis
In order to reduce the suffering of mice, we set humane endpoints to decide when to euthanize the mice. These endpoints included hypothermia, decreased movement, increased or decreased respiratory rate, or rapid or progressive weight loss. Mice were euthanized by a lethal intraperitoneal injection of sodium pentobarbital (200 mg/kg) or CO 2 inhalation when they reached these endpoints. Only those mice reaching the endpoint before evaluation at study end were considered valid and used in the survival analysis. The details are provided in the Supplementary material online.
Histopathological and immunohistochemical examination
The hearts were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) and embedded in paraffin wax. For a histological analysis, 3 lm thick sections were cut, and haematoxylin and eosin, Masson's trichrome, or picrosirius red combined with elastic staining was performed. To evaluate TN-C expression, we performed immunohistochemistry as previously described. [17] [18] [19] The details are provided in the Supplementary material online.
Morphometric analysis
To evaluate the ischaemic area at risk (AAR), Evans blue dye (SigmaAldrich, St. Louis, MO, USA) was injected into the mice on Day 1 after MI to delineate the ischaemic zone from the non-ischaemic zone.
Masson's trichrome staining was performed on paraffin-embedded sections to determine the morphological effects, infarct size, and extent of cardiac fibrosis at 3 months post-MI. AAR and infarct size were calculated using the length-based method: total AAR or infarct circumference divided by total LV circumference Â 100. Additionally, for each section, 20 microscopic fields (Â400 magnification) were randomly chosen (BZ-9000; Keyence, Osaka, Japan), and the area of myocardial fibrosis in the non-infarct and infarct areas was measured and analysed using software (BZ image analyzer II; Keyence).
Echocardiography
Transthoracic echocardiography was performed with a Vevo 2100 instrument (Fujifilm Visual Sonics, Tokyo, Japan) equipped with an MS-400 imaging transducer. Since isoflurane has been reported to have the lowest myocardial depression compared to that of other anaesthesia regimens, 20 the mice were anaesthetized with isoflurane during echocardiographic examinations, and heart rates were maintained at 450-550 b.p.m. in all mice. Isoflurane induction was performed in an induction box with 3% isoflurane in pure medical oxygen. After its righting reflex had disappeared, the mouse was fixed in the supine position on a heating pad to maintain normothermia and electrocardiographic limb electrodes were placed. Anaesthesia was maintained at 1% isoflurane. If the heart rate increased above the required range, the isoflurane concentration was temporarily increased to 4% and then returned to 1% after the heart rate had reached the required level. In contrast, if the heart rate dropped below the required range, the isoflurane concentration was reduced to 0.25% and then increased. The echocardiographic images were obtained before MI or sham operation and 3 months post-operation.
Heart dissociation and flow-cytometric analyses
The excised hearts were minced with fine scissors into 1-2 mm 3 pieces. Figure S1 .
Measurements of cytokine concentration
Hearts were homogenized in media containing 10% foetal bovine serum (FBS), and supernatants were collected after centrifugation and stored at -80 C. The cytokine concentrations in the heart homogenates were measured using multiplex immunoassay panels (Millipore, Billerica, MA, USA).
RNA extraction and quantitative reverse-transcription polymerase chain reaction
All hearts removed for reverse-transcription polymerase chain reaction (RT-PCR) were snap frozen and stored at -80 C. Detailed procedures for sample preparation and qRT-PCR are included in the Supplementary material online.
Purification of TN-C
TN-C was purified from culture supernatants of the U-251MG glioma cell line by ammonium sulfate precipitation, Sephacryl V R S-500 gel filtration, Mono Q ion-exchange chromatography, and hydroxyapatite column chromatography. 21 These columns were sanitized by NaOH solutions before use to remove endotoxin thoroughly.
Differentiation and culture of BMMs
Bone marrow cells were isolated by flushing the femurs and tibias of 8-12-week-old mice with PBS. The isolated and washed cells were cultured with RPMI-1640 medium supplemented with 10 ng/mL recombinant murine macrophage colony-stimulating factor (R&D Systems, Minneapolis, MN, USA), 10% heat-inactivated FBS, penicillin (100 U/mL), and streptomycin (100 lg/mL) in a humidified incubator at 37 C and 5% CO 2 . On Day 3 of the culture, the cells were washed, counted, and replated in serum-free RPMI-1640 media for use in further experiments.
The cell viability and purity of the obtained BMMs were 74.7 ± 1.4% and 71.9 ± 0.8%, respectively (Supplementary material online, Figure S2 ).
After serum starvation for 16 h, the BMMs were incubated with 0.1 lmol/L of TAK242 (Millipore), a selective TLR4-signal-transduction inhibitor, 10 lg/mL of anti-b1 integrin antibody (BioLegend), 10 lg/mL of anti-aVb3 integrin antibody (Bioss Biological Technology, Beijing, China), 10 lg/mL of anti-a9b1 antibody (clone 55A2C), 22 or 10 lg/mL of isotype control immunoglobulin (IgG) [rabbit IgG (cat# 02-6102, Invitrogen) or Armenian hamster IgG (clone eBio299Arm, eBioscience)] for 30 min. All antibodies including isotype controls were preservative-free. Then, BMMs were stimulated with 10 lg/mL of TN-C or boiled TN-C (100 C, 5 min) with or without interleukin (IL)-4 (20 ng/mL; R&D Systems). The cells were harvested after stimulation for 6 h.
Statistics
All data are expressed as the means ± standard error of the mean (SEM). Normality was verified with the Shapiro-Wilk test. TN-C mRNA levels after MI were compared with baseline levels using Dunnett's method ( Figure 1A) . Statistical analyses were performed using a twotailed t-test or Mann-Whitney U test for experiments comparing two groups. For multiple comparisons, one-way analysis of variance (ANOVA) with a Tukey post hoc test was used. A P < 0.05 was considered statistically significant. All statistics were calculated with JMP software (SAS Institute, Cary, NC, USA).
Results
TN-C expression in MI hearts
We first examined the sequential change in TN-C expression in post-MI hearts. The expression levels of TN-C mRNA increased rapidly in infarcted hearts on Day 1 post-MI and peaked at Day 3, returning to nearbaseline levels by 28 days post-MI ( Figure 1A) , which is consistent with previous observations. 11, 19 By contrast, the mRNA expression of collagens increased more gradually, peaking at 5 days post-MI ( Figure 1A) . Immunohistochemical analysis of the hearts on Day 3 revealed that TN-C was expressed at the borders between the intact myocardial tissues and necrotic areas where macrophages start to infiltrate into the injured area. Double immunofluorescence staining showed that TN-C was localized in the immediate vicinity of the macrophages ( Figure 1B) . No TN-C immunoreactivity was observed in the hearts at 3 months post-MI after collagenrich scar tissue had formed (Supplementary material online, Figure S3 ).
TN-C deletion attenuates cardiac remodelling 3 months Post-MI
TN-C-KO mice undergo normal development without a distinct phenotype; they have a normal life span, fertility, 23 blood pressure, and cardiac function as previously reported by various laboratories, including ours. 5, [24] [25] [26] In the current study, we did not find distinct differences in body weight and cardiac function before the surgery (Supplementary material online, Table S1 ). There was no significant difference in body weight ( Figure S4 and Table S2 ).
We then examined the functional significance of TN-C in post-MI cardiac remodelling. On Day 1 post-MI, we confirmed that ischaemic AAR (determined by Evans blue staining) was comparable between the WT and TN-C-KO mice (Figure 2A ). Mice were then evaluated for cardiac remodelling at 3 months post-MI. Echocardiographic examination revealed acceleration of cardiac dilatation and deterioration of LV function in WT mice as compared with that of TN-C-KO mice ( Table 1) , whereas there was no difference in the infarct size between WT and KO mice ( Figure 2B ). There were no differences in the end-diastolic LV thickness between WT and KO mice; however, the end-systolic LV thickness of KO mice was significantly higher than that of WT mice ( Table 1) . qRT-PCR analyses revealed that atrial natriuretic peptide (
expression levels were significantly suppressed in KO mice (Supplementary material online, Figure S5 ), whereas expression levels of brain natriuretic peptide (BNP), inflammation-related genes [IL-6, chemokine (C-C motif) ligand 2 (CCL2), and tumour necrosis factor (TNF)-a], and fibrosis-related genes [matrix metalloproteinase 9 (MMP9) and collagen type I a1 (COL1A1)] did not differ between WT and KO mice at this time point (Supplementary material online, Figure S5) . Additionally, cardiomyocyte width increased in both WT and TN-C-KO mice as compared with that observed in sham-operated mice; however, the increase was less evident in KO mice than in WT mice ( Figure 2C) . Furthermore, myocardial fibrosis at the border zone in KO mice was significantly attenuated, whereas no significant difference was detected in the remote area ( Figure 2D , Supplementary material online, Figure S6 ).
TN-C deletion suppresses M1 but enhances M2-Macrophage Expansion
To analyse the impact of TN-C deficiency on inflammatory cellular infiltrate in the infarcted hearts, flow-cytometric analyses were performed.
There were few infiltrating CD45
þ leucocytes in the sham-operated WT and KO hearts (Supplementary material online, Figure S7 ). The total number of infiltrating leucocytes was not significantly altered in the TN-C-KO MI mice as compared with that of WT MI mice ( Figure 3A) ; however, F4/80 þ CD11b þ macrophage infiltration was significantly decreased in the TN-C-KO mice as compared with that observed in the WT mice on Day 5 after MI, whereas no difference was found in the percentages of Gr-1 þ CD11b þ neutrophils and Ly6C þ CD11b þ inflammatory monocytes between WT and TN-C-KO mice ( Figure 3A) . Furthermore, the percentage of F4/80 þ CD206 low M1 macrophages was significantly reduced in the TN-C-KO mice as compared with that observed in the WT mice on Day 5 and Day 7 ( Figure 3B) . Additionally, the levels of M1 macrophages producing cytokines IL-1b, IL-6, and CCL2 ( Figure 4A ) and a classical M1 marker, inducible nitric oxide synthase (iNOS) (Figure 4B ), in the TN-C-KO mouse hearts were significantly reduced. Conversely, the percentage of F4/80 þ CD206 high M2 macrophages on Day 7 was significantly increased in the TN-C-KO mice as compared with that observed in the WT mice ( Figure 3B) . and IL-10 also increased in the TN-C-KO hearts ( Figure 4B) . These results suggest that TN-C accelerates M1 polarization, but suppresses M2 polarization.
TN-C modulates M1/M2-macrophage polarization via TLR4 in vitro
To determine whether TN-C directly promotes M1-macrophage polarization, we generated BMMs from WT mice and cultured them in the presence of TN-C. We observed that TN-C markedly up-regulated the mRNA expression of the M1-macrophage markers IL-6, TNF-a, and iNOS in BMMs ( Figure 5 ). To exclude endotoxin contamination, we boiled the TN-C because endotoxins are heat-stable 27 but TN-C is not.
Boiling the TN-C solution attenuated IL-6 up-regulation (Supplementary material online, Figure S8 ). This result suggests that the effect of TN-C on M1-macrophage polarization was not due to endotoxin contamination. It has been reported that TN-C is a critical component of the bone marrow microenvironment that is required for normal haematopoiesis. 28 Therefore, we hypothesized that TN-C in the bone marrow influences macrophage development and maturation. To test this hypothesis, we compared the characteristics between macrophages derived from WT and TN-C-KO mice. As shown in Supplementary material online, Figure S9 , the spleen macrophages isolated from the TN-C-KO mice, as well as BMMs from the TN-C-KO mice, showed similar M1/M2 polarization patterns to those from WT mice. We also compared the response to TN-C or LPS stimulation between WT BMMs and TN-C-KO BMMs.
As shown in Supplementary material online, Figure S10 , BMMs generated from the TN-C-KO mice showed similar responses as those from WT mice. Therefore, we conclude that there is no major functional difference between the macrophages derived from WT and TN-C-KO mice.
We then tried to identify receptors for TN-C involved in M1-macrophage polarization. Multiple cell-surface receptors on macrophages, including TLR4 and integrins a9b1, avb1, and aVb3, bind to TN-C and induce various functions. [29] [30] [31] [32] [33] In this study, we found that a TLR4 inhibitor, TAK242, completely blocked the effects of TN-C on the M1 polarization of BMMs ( Figure 5) . Additionally, an anti-b1 integrin antibody partially attenuated TN-C-induced IL-6 mRNA expression, whereas anti-avb3 and anti-a9b1 integrin antibodies did not show significant effects on TN-C-induced M1 polarization, suggesting that TN-C induced M1-macrophage polarization mainly via TLR4. In addition to proinflammatory cytokine production, M1 macrophages are also characterized by secretion of high amount of reactive oxygen species (ROS). 34 We found that TN-C also promoted ROS production via TLR4 from BMMs (Supplementary material online, Figure S11 ). Thus, TN-Cstimulated BMMs had classical features of M1 macrophages characterized by the ability to produce proinflammatory cytokines and ROS. We then examined the effect of TN-C on M2-macrophage polarization. TN-C alone did not influence the expression of the M2 marker, MRC1 ( Figure 6A) ; however, the up-regulation of MRC1 and arginase 1 (ARG1) in macrophages by IL-4, an M2-macrophage-inducing cytokine, was suppressed by TN-C ( Figure 6A ). This effect was attenuated by treatment with a TLR4 inhibitor, but not by treatment with integrin antibodies ( Figure 6B) . Additionally, IL-4 elevated mRNA expression of interferon regulatory factor 4 (IRF4), a key transcription factor that controls M2-macrophage polarization, 35 in BMMs, but this was attenuated by adding TN-C (Figure 7) . TLR4 blockade cancelled this suppressive effect of TN-C, whereas administration of integrin antibodies did not. 
Discussion
This study demonstrated that TN-C could accelerate adverse LV remodelling after MI via modulating M1/M2-macrophage polarization. TN-C deletion significantly decreased ventricular dilatation, hypertrophy, and fibrosis and improved cardiac function 3 months after coronary artery ligation in mice. Additionally, in TN-C-KO mice, decreased M1-and increased M2-macrophage infiltration was observed in the heart after MI. In vitro experiments showed that TN-C promoted BMMs to shift into an inflammatory M1 phenotype via TLR4, whereas under M2-skewing conditions, TN-C suppressed expression of IRF4, a key transcription factor that controls regulatory M2-macrophage polarization via TLR4, resulting in inhibition of M2 polarization. Cardiac tissue repair after MI depends upon a complex series of cellular events initiated by intense sterile inflammation. The early inflammatory phase serves to digest and clear dead cells and ECM debris and is followed by a reparative phase with resolution of inflammation and scar formation. 36 During the inflammatory phase (3-4 days after MI), macrophages play significant roles by secreting proteases, growth factors, and influencing cardiomyocyte apoptosis. 36 Macrophages acquire a distinct functional phenotype and play diverse roles dependent upon environmental stimuli. 37 Two well-established polarized-macrophage phenotypes include classically activated proinflammatory (M1) macrophages and alternatively activated anti-inflammatory (M2) macrophages (reviewed in Ref. 4 ). During the first few days after infarction, M1 macrophages dominate the cellular infiltrate, clear cellular debris, and secrete proinflammatory cytokines, chemokines, and growth factors. The healing process occurs with the transition from M1 to M2 macrophages involved in the promotion of tissue repair and resolution of inflammation. 38 Therefore, dysregulation of these processes would induce progressive destruction of infarcted myocardial tissue, resulting in chamber dilatation and systolic dysfunction.
In addition to periostin, galectin, and osteopontin, TN-C is classified as a matricellular protein, a unique functional category of ECM, that does not contribute directly to ECM structures, but rather modulates cell function. 39 After MI, TN-C is highly up-regulated during the acute inflammatory phase, disappears during the scar-maturation stage, and localizes at the border zone. 11, 19 We previously reported several roles of TN-C, including weakening cardiomyocyte adhesion to connective tissue, 19 promoting myofibroblast recruitment, 40 and acting as a mechanical shock absorber. 41 Logically, these functions should promote tissue remodelling and repair after injury, but do not explain why TN-C accelerates adverse remodelling after MI. Recently, evidence has accumulated showing that TN-C could modulate immune responses. Experiments using TN-C-KO mice have indicated that TN-C could augment inflammatory responses in autoimmune arthritis, 22, 29 myocarditis, 25 and the angiotensin II-induced hypertensive heart. 33 In vitro, TN-C enhances migration and the production of various proinflammatory cytokines from macrophages through multiple receptors, including TLR4, integrin a9b1, and integrin avb3, 29, 42 in a contextdependent manner. TN-C also activates dendritic cells to provide proinflammatory activity and induce autoimmune myocarditis via TLR4. 25 The major sources of TN-C in the pathological heart are interstitial cells, 19, 43 with its expression up-regulated by various mediators, including proinflammatory cytokines and growth factors (reviewed in Ref. 5 ). In this study, we found that TN-C was deposited in the immediate vicinity of infiltrating macrophages at the border zone, suggesting that locally synthesized TN-C influences macrophage characteristics at injury sites.
TN-C accelerates migration of macrophages in vitro, 33 which may partly explain the reduction in macrophage number in TN-C-KO mice at Day 5 post-infarction. We also found a tendency for decreased neutrophil infiltration in the TN-C-KO mice at Day 5 and Day 7 postinfarction ( Figure 3A) . We previously reported that the lack of TN-C significantly reduced the production levels of multiple chemokines (CCL3, CCL4, C-X-C motif chemokine [CXCL]1, CXCL10, and monocyte chemoattractant protein-1) in the hearts of mice with experimental autoimmune myocarditis. 25 These chemokines are known to attract several immune cell types including macrophages, neutrophils, monocytes, T cells, and dendritic cells. Therefore, a TN-C deficiency may affect the chemokine milieu in the heart, which could cause a decrease in the Furthermore, we have found that the M1/M2 ratio of infiltrating macrophages and the expression of M1 markers in the WT mouse hearts after infarction were higher, and the expression of M2 markers was lower relative to these levels in the TN-C-KO mice. In vitro, we have found that TN-C promoted BMMs to shift to a proinflammatory M1 phenotype. In addition, TN-C suppressed M2 polarization associated with down-regulation of IRF4, a key transcription factor that controls regulatory M2 polarization. Macrophage polarization is a process by which macrophage gene expression and functions are vastly different in response to stress in the microenvironment. 44 The present results suggest that TN-C, as one environmental signal, promotes shifting of the macrophage phenotype to a proinflammatory M1 phenotype, while suppressing the shift to an anti-inflammatory/healing M2 phenotype during the inflammationreparative transition phase. The prolonged presence of M1 macrophages should extend the proinflammatory environment and cause expansion of the infarcted area in the myocardium, whereas a delayed transition to M2 macrophages should hinder the formation of scar tissue. It is well-recognized that TN-C has diverse functions that regulate cell behaviour during tissue repair after injury, particularly inflammatory responses, [6] [7] [8] 31 fibrosis, 5 and angiogenesis, 7, 45 and that it may exert harmful and beneficial effects in a context-dependent manner. 26, 46 Furthermore, Song et al. have recently reported that expression of TN-C in the bone marrow, but not the myocardium, protected the myocardium against pressure overload-induced remodelling. 26 Therefore, using germline TN-C-KO mice can complicate the determination of the tissue or cell type involved in the effect, and the effects observed (whether positive or negative) may depend on the design of the experiment and the model used. 26 We examined the functional significance of TN-C in post-MI cardiac remodelling. Although an AAR measurement at day 1 in a different set of animals does not guarantee an equal AAR in the 3 month follow-up mice, there was no difference in the infarct size between the WT and 
